DTI protocols measure diffusion in a small number of directions (e.g., 6 or 12), we employ a diffusion spectrum imaging (DSI) 1, 2 protocol which assesses diffusion in 257 directions and at a range of magnetic gradient strengths. Moreover, high-resolution DWI data allow us to use more sophisticated diffusion models for reconstructing acquired data. Here we present data reconstructed using one such model, the orientation distribution function (ODF; Figure 2 ). The ODF preserves more of the information present in acquired data than does the basic tensor model used in DTI. In two experiments (visual attention and face perception), tractography reveals that co-active areas of the human brain are anatomically connected, supporting extant hypotheses that they form functional networks. DWI allows us to create a "circuit diagram" and reproduce it on an individual-subject basis, for the purpose of monitoring task-relevant brain activity in networks of interest.
Protocol Text:
Equipment for MR Data Acquisition:
The diffusion spectrum imaging (DSI) sequence requires modern MR scanning equipment with certain features necessary for collecting this high-resolution diffusion data.
3 Tesla field strength MR scanner:
3T is necessary to achieve the signal required for the high-angular direction DSI scan. 2. 32-channel phased-array head coil: A head-coil with high sensitivity and excellent signal-to-noise ratio is needed to collect the DSI data. Eight-and 12-channel coils provide less signal at the surface of the brain; consequently, these coils may require increased scanning time to support accurate mapping of projection fields. 3. Head stabilization: Due to the long duration of the DSI scanning sequence, and because motion correction cannot be applied to the DSI data, excellent head stabilization is necessary to control subject movement. Movement controls ranging from padding and tape to a bite-bar, vacuum bag, or thermoplastic mask are recommended to stabilize subjects' heads. More than 2 mm of translational movement or 2° of rotational movement in any direction is excessive and may be considered grounds for excluding data. 4. FMRI presentation equipment: For analyses using functional seeds, additional equipment for fMRI scanning is required. Depending on the type of regions to be localized, this usually includes a MR compatible display (such as projector system of MR compatible LCD), a button response system, audio system, and experiment presentation computer synchronized with the scanner acquisition.
1. Brief participants on the nature of the scans to be performed and obtain informed consent. Emphasize the necessity to minimize head motion (especially during the long DSI scan). Offer participants the choice of a movie or other video for entertainment during the DSI scan. For functional scanning of behavioral tasks, instruct subjects to monitor the screen for task-relevant stimuli and respond as required. 2. After screening for MR contraindications, comfortably stabilize participants' head using one of the methods described above, and slide patient bed into the scanner. 3. Perform initial scout scans and calibration, making sure that the slices for the DSI scan cover the whole brain. 4. Run the DSI scan while the subject relaxes in the scanner or watches entertainment on the presentation system. 5. Immediately after the completion of the DSI scan, collect a T1-weighted anatomical scan (e.g., MPRAGE) for later use in co-registering (i.e., aligning) the DSI data with other anatomical or functional data. 6. Optionally, collect fMRI data in the same session using standard EPI pulse sequences. 7. If necessary, conduct fMRI scanning in a separate scanning session. Collect an MPRAGE in both sessions to facilitate co-registration of the datasets.
Anatomical MRI Processing
For surface analysis of fMRI data and automatic segmentation using FreeSurfer, as described below, a high-resolution T1-weighted anatomical image with excellent whitegray matter contrast is required. This image provides a common reference space for analyzing functional and diffusion-weighted imaging data. In most modern MRI scanners, this image will be referred to as an MPRAGE (Magnetization Prepared RApid Gradient Echo) image. Most modern MPRAGE sequences can provide sufficient quality data in a single scan (parameters in Table 1 ). If necessary, two or more scans can be averaged to improve gray-white matter contrast for segmentation. Below, we explain how DWI and fMRI data, which are usually collected with different voxel sizes and different origin points, can be automatically aligned and resampled for simultaneous viewing with the MPRAGE. Co-registration of images can be performed with one of several alternative software programs, all of which produce comparable results: 3dAllineate (AFNI/SUMA), FLIRT (FSL), bbregister (FreeSurfer), the SPM Coregister function, or other image spatial co-registration software.
1. Perform anatomical segmentation and cortical surface reconstruction by submitting T1-weighted anatomical image to FreeSurfer's automated algorithm (recon-all). 2. Import FreeSurfer processing results into SUMA using @SUMA_Make_Spec_FS script. 3. Align the DSI B0 image to the resulting Surface Volume (use the NIFTI-format version of this image, named brain.nii.gz in the SUMA directory).
4. Save the 12-point affine transformation matrix for use in subsequent coregistrations.
Functional MRI (fMRI) Processing
Any echo-planar imaging (EPI) pulse sequences with parameters optimized for the specific fMRI experiments to be conducted can be used. Likewise, a large number of software packages for fMRI processing and analysis exist, such as AFNI/SUMA (NIMH, NIH) 3, 4 , BrainVoyager (Brain Innovation) 5 , FSL (FMRIB, Oxford University) 6, 7 , and SPM (Wellcome Trust Center for Neuroimaging, University College London) 8 . The "fMRI processing and analysis" section of Figure 1 details an analysis pathway based on the AFNI/SUMA software package.
1. Correct for subject head motion in each individual's fMRI data, using the mean image of the first scanner run as the reference image. 2. Optionally, perform slice acquisition time correction, particularly if using a rapid event-related task design. 3. Correct between-run differences in signal baseline by normalizing the time-series for each voxel, within each run. a. Express each voxel's time-series as percent change from that voxel's mean over time for a given run, using a program such as 3dcalc (AFNI/SUMA) or fslmaths (FSL). b. Alternatively, z-transform each voxel's time-series for each run, based on the signal mean and standard deviation over time. 4. Co-register each processed EPI run to the Surface Volume (brain.nii.gz) dataset generated by FreeSurfer (see above). 5. Concatenate all EPI runs in time for a given individual. 6. Map each EPI run to the surface using 3dVol2Surf (AFNI/SUMA), producing a NIML surface dataset for each run. a. Use the smooth white matter and pial surfaces as the reference surfaces for the mapping; these may be thought of as representing the gray/white-matter boundary and the surface of cortex, respectively. b. Average the signal over the distance between these two surfaces. 7. Optionally smooth EPI data on the cortical surface using SurfSmooth (AFNI/SUMA). 8. Create separate regressors for epochs of time corresponding to each of the experimental conditions presented to the subject. 9. Submit these regressors (along with regressors of no interest) to a general linear model (GLM) analysis of the functional data. 10. Contrast beta weights for different regressors to produce a "functional map" of statistical values across the surface. 11. Optionally enter beta-weight values for multiple participants into a group level analysis of variance (ANOVA), if using a factorial design.
12. Threshold functional maps to view statistically significant effects, including a familywise error rate (Gaussian random field theory) 9 or false discovery rate (FDR) 10, 11 adjustment to correct for multiple comparisons. 13. Create regions of interest (ROIs), which will be used later for tractography seeding, from contiguous regions of significant functional activation on the surface by labeling each separable area. a. Automatically segment and label ROIs using a spatial clustering algorithm, such as SurfClust (AFNI/SUMA). b. Alternatively, hand-draw ROIs using SUMA's Draw ROI feature. 14. Expand ROIs into the white matter using 3dSurf2Vol (AFNI/SUMA), to maximize contact with streamlines during tractography. a. As in step 6, use the smooth white matter and pial surfaces for the mapping. b. Set f_p1_fr = -0.5 in order to grow the ROI below the gray/white matter boundary by 50% of the gray matter thickness at each surface node. c. Set f_pn_fr=1 in order to grow the ROI in the opposite direction to the pial surface. 15. Align the ROIs to the DSI data by applying the inverse of the 12-point affine transformation matrix generated when aligning the B0 image to the (Surface Volume (brain.nii.gz).
Processing of Diffusion Weighted Imaging Data
Diffusion-weighted imaging is a general term for white matter imaging techniques, which encompasses many different combinations of data acquisition and reconstruction methods. Perhaps the most frequently used method, referred to as diffusion tensor imaging (DTI) 12, 13 , is based on 5-10 minutes of data acquisition, measuring diffusion in 6 or 12 directions. Based on these data, diffusion patterns are typically modeled with a simple tensor model, which is best suited for detecting a single dominant diffusion direction. This limitation means that DTI does not perform well for imaging fibers which cross one another or "kiss" at a single point. Crossing and kissing fibers are better detected with a combination of high-resolution acquisition and reconstruction methods, such as high angular resolution diffusion imaging (HARDI) [14] [15] [16] , diffusion spectrum imaging (DSI) 1, 2 , and generalized q-ball imaging (GQI) [17] [18] [19] . A 257-direction multi-shell DSI sequence run on Siemens 3T scanners was used for acquisition of the results presented here (parameters in Table 1 ). Acquired data were reconstructed with the GQI method 19 , which models diffusion patterns in each voxel with an orientation distribution function (ODF) that can detect simultaneous diffusion in multiple directions. Other high-angular resolution diffusion sequences should produce similar results. Note that correct reconstruction of ODFs requires the researcher to input a gradient table (also referred to as a b- 
Evaluating Data Quality and Tracking Parameters through Whole-Brain Tractography
Tracking fibers with a whole-brain seed is a fast and effective way to assess overall data quality. It also presents an opportunity to decide appropriate values for global parameters, especially the anisotropy threshold used as a stopping criterion in tractography. This procedure is necessary to strike a balance between improving coverage in the fiber tracking process and reducing noise. Special care should be taken in setting key tracking parameters, such as FA (fractional anisotropy) and angular threshold values. Choosing specific values for these parameters may seem like an arbitrary process, since the scaling varies from one individual to another; the quality checks described below help the user make more principled decisions for these values. At all times, check the quality of tracking results by comparing them to known neuroanatomy. Fibers which follow improbable trajectories, such as hairpin curves, may indicate that the angular threshold value is too high. Fibers which cross the interhemispheric fissure outside of known interhemispheric connections (i.e., corpus callosum, anterior & posterior commissures) may indicate that the FA threshold is too low and should be raised, or may be evidence of head movement artifacts.
1. Create a whole-brain seed region. 2. Set an initial FA threshold value to mask out low-signal voxels. 3. Set angular threshold to allow fibers to curve up to n degrees in a single step. 4. Set tracking step size in mm. 5. Set desired number of fibers or seed points. 6. Perform whole-brain tractography to check overall ODF reconstruction quality. 7. To begin, choose a median (across datasets) FA threshold. 
Locally-Constrained Tractography
In contrast to whole-brain tractography, locally-constrained tractography makes use of ROI-based Boolean operations, such as specifying volumes through which fibers must or may not pass. As a result, locally-constrained tractography offers higher sensitivity and greater control for tracking select fibers of interest. Whole-brain tractography undersamples the space of possible seed points, due to the high computational cost of seeding operations and limited computer graphics memory. As a result of undersampling, whole-brain tractography often produces results which are biased toward the dominant diffusion pathways in the brain. User-supplied ROIs address this problem by providing limited target regions with a high density of seed points, making it easier to capture difficult-to-detect fiber tracts.
1. Create a whole-brain seed region in DSI Studio. 2. Load one or more NIFTI region-of-interest (ROI) files. 3. Optionally load a region of avoidance (ROA) file to indicate voxels which fibers should NOT pass through. 4. Set anisotropy threshold, angular threshold, and number of fibers as described above. 5. Perform tracking. 6. Check quality by comparing fiber tracks to anatomical detail. 6 . Load trk and ROI files into MATLAB to make quantitative connectivity estimates. 7. Find the {x/y/z} centroid of an ROI. 8. As one measure of connectivity, calculate the total number of fiber endpoints in an ROI, normalized by ROI volume. 9. Alternatively, calculate the Euclidean distance between fiber endpoints and ROI centroid, as a measure of the specificity and consistency of the tract's connectivity to that ROI.
Representative Results
High-resolution diffusion-weighted imaging and fiber tractography can be applied to a wide range of neuroscientific questions. Our focus in this paper is to detail the coupling of structural connectivity methods with functional neuroimaging. However, we note that any application of DWI requires careful evaluation of tractography results, as the data acquisition protocol, reconstruction method, and tractography parameters can exert significant, independent effects on the final product. Figure 3 illustrates optimal and sub-optimal results using whole-brain tractography. All three images are based on the same 257-direction DWI dataset from a single participant; optimal results are shown in the left panel. In contrast, the middle panel shows the effect of excessively lenient tractography parameters (FA and angular thresholds). The right panel shows the reduction in quality which results from using a single-tensor model to reconstruct the DWI data.
We include two examples of how tractography results can corroborate and inform interpretation of functional imaging data. These experiments assess cognitive processes that allowed the creation of functional seed regions: namely, face perception and visual attention. These seed regions can be used to test questions of white-matter connectivity within a cognitive network. Figure 4 shows an example of regions activated during a face perception task. Subjects discriminated the identities of face stimuli while undergoing fMRI scanning. Two ventro-temporal regions, in the middle fusiform gyrus (mFG) and inferior occipital gyrus (IOG), showed significant above-baseline activation during this task. These two functionally defined regions were then used as seed regions during tractography (as outlined in Sections 6-7 above). Figure 4A shows the large bundle of fiber streamlines (shown in red) that connect these two regions of interest within the temporal lobe, over a distance of approximately 12 cm. Note the tight packing of the fibers and small degree of fiber curvature over this distance. This pattern is typical of one-to-one connections within functional networks over long distances (for example, see ref. 21) . Figure 4B shows the IOG functional seed region (shown in yellow) along with the individual fiber endpoints (red dots). The fiber endpoints are located throughout the ROI. This connectivity pattern suggests that these regions have direct, long-distance connections that may underlie fast communication within the face perception network.
Our second example ( Figure 5) shows the connections between visual cortex sensory regions and a region of attentional control in the posterior parietal cortex (PPC). In this case, the two sets of functional activations (occipital and parietal regions) were produced via independent sets of fMRI data from the same individuals. Parietal activations were generated via an attention shifting task between 6 locations in the visual field (for details, see ref. 22) , whereas the occipital regions were defined using standard visual field meridian mapping 23 , which was used to mark the borders between functional seed regions of visual cortex (V1 -V3). Figure 5A shows the approximate locations of V1, V2, & V3 seed regions (red, green, & blue, respectively), the PPC seed region labeled IPS-1, and the fiber tracts that connect these regions. Tracts are colored by the occipital ROI from which they were seeded. Unlike the long, straight fibers in the temporal lobe (Figure 4 ), these white-matter tracts cover a shorter distance (range 3 -5 cm) and are, therefore, more U-shaped and less tightly packed as they travel from the occipital lobe to the parietal lobe. Figure 5B shows the functionally-defined regions in IPS (brown), V1 (red), V2 (green), & V3 (blue) on the cortical surface along with the fiber endpoints in each region. Note the segregation of tracts in the occipital lobe by seed region, contrasted with the large degree of endpoint interdigitation in IPS-1. This suggests that our PPC region (identified through an attention task) may be a convergence area of the brain, with structural connections to many different nodes of sensory cortex. This connectivity pattern may allow for the transmission of attentional biasing signals from higher cortical regions to modulate activity in early cortices; these signals help to enhance target representations in visual cortex 24, 25 .
Discussion:
High-resolution DWI and fiber tractography provide a powerful approach for examining the connective structure of the human brain. Here, we present evidence that this structural architecture is meaningfully related to brain function, assessed by fMRI. By using tractography seeds based on fMRI task activation, we confirm that brain areas which are co-active during visual attention are directly connected, consistent with prior knowledge of functional neuroanatomy ( Figure 5 ). The same holds true for the functional neuroanatomy uncovered for face perception (Figure 4) . Knowledge of anatomical connectivity is necessary, although not sufficient, for inferring a direct functional connection between brain areas in a given task (and vice versa). In many neuroimaging studies, direct structural and functional connections are inferredproblematically-on the basis of concurrent functional activation alone, neglecting the possibility that two brain areas are co-active because they share a common input, or for wholly unrelated reasons.
Thus, cognitive neuroscientists can use high-resolution DWI and fiber tractography to provide converging evidence for dynamic functional relationships between distal brain areas, by showing that a connective substrate exists between them. Our research group has previously used these techniques to visualize and quantify connections of the corticospinal 26 tract, corpus callosum 27 , and visual attention system 27 , as well as to map cortical projection circuits in the basal ganglia 28 . In some cases tractography results may generate novel findings: for example, Wang et al.
(submitted) used high-resolution DWI to detail previously undescribed fiber tracts, with cross-validation in cadaver dissection 29 . Results such as these may provide the impetus for investigations of brain function, in order to assess the functional utility of the newly discovered tracts. Finally, non-invasive, high-resolution DWI holds promise in a number of clinical situations, such as neurosurgical planning 30 ; surgery for tumors, bleeds and cavernovas 31 ; and traumatic brain injury 32 . Our group has applied these techniques in a large number of neurosurgery and traumatic brain injury cases, relating disrupted fiber connectivity to behavioral symptoms.
Ultimately, easy-to-obtain information regarding global brain connectivity will allow researchers to construct better models of the brain. For example, graded measurements of white-matter connectivity could be used to improve source localization in MEG/EEG, or to place constraints on fMRI-based effective connectivity analyses. High-resolution tractography is also likely to improve models of disrupted or pathological brain connection, such as may occur in TBI or autism. Finally, highresolution tractography may allow researchers to better integrate with results from invasive studies of non-human brains.
We note additionally that several software packages provide complete processing pipelines for DWI data, but that the quality varies widely from one package to another. With that caveat, we hope and anticipate that a growing number of researchers will explore the potential of combining assessments of brain function with high-resolution diffusion-weighted imaging. A relatively high FA threshold of 0.06 was selected, in order to generate fibers only from strongly anisotropic voxels; and an angular threshold of 55° was selected to preclude the generation of fibers with biologically unrealistic curvature (i.e., "looping" fibers). Note the clear delineation of the hemispheres, separated by the longitudinal fissure; also note how fiber bundling follows expected sulcal/gyral contours. Panel B: the same reconstruction method was used as in (A), but FA and angular thresholds were set more leniently during tractography (0.03 and 85°, respectively). Inappropriate tracking parameters can cause the generation of large numbers of "junk" fibers, which conceal true information about anatomical structure. See Section 5, "Evaluating Data Quality and Tracking Parameters through Whole-Brain Tractography", for advice on appropriate parameter choices. Panel C: data were reconstructed using a single tensor model, one of the most widely-used methods in DWI. With appropriate tracking parameters (same as A), the single-tensor model reproduces many known major fiber tracts, and gyral contours are somewhat visible in the sagittal view. However, it also produces more false positives than the ODF model: note fibers traveling horizontally across the interhemispheric fissure. 
